Gene expression changes in CD4 þ Vb8 þ T cells anergized by in vivo exposure to staphylococcal enterotoxin B (SEB) bacterial superantigen compared to CD4 þ Vb8 þ nonanergic T cells were assessed using DNA microarrays containing 5184 murine complementary DNAs. Anergy in splenic T cells of SEB-immunized BALB/c mice was verified by dramatically reduced proliferative capacity and an 8 Â overexpression of GRAIL mRNA in CD4 þ Vb8 þ T cells taken from mice 7 days after injection. At an Associative t-test threshold of Po0.0005, 96 genes were overexpressed or detected only in anergic T cells, while 256 genes were suppressed or not detected in anergic T cells. Six of eight differential expressions tested using real-time quantitative PCR were validated. Message for B-Raf was detected only in non-anergic cells, while expression of the TCR signaling modulator Slap (Src-like adapter protein) and the TCR z-chain specific phosphatase Ptpn3 was enhanced. Modulation of multiple genes suggests downregulation of Wnt/b-catenin signaling and enhanced Notch signaling in the anergic cells. Consistent with previous reports in a non-superantigen in vivo anergy model, mRNA for CD18 and the transcription factor Satb1 (special AT-rich-binding protein 1) was increased in SEB-anergized T cells. This is the first report of global transcriptional changes in CD4 þ T cells made anergic by superantigen exposure.
Introduction
Naturally acquired T-cell tolerance to self-antigens is accounted for by several known mechanisms (reviewed in Nakken et al 1 ) including clonal deletion, anergy and immunoregulatory cell control. Anergy is a tolerance mechanism in which lymphocytes are intrinsically functionally inactivated following antigen encounters that produce suboptimal or altered signaling. [2] [3] [4] [5] [6] Such cells remain alive for extended periods of time in a hyporesponsive state and are characterized by defective IL-2 production and cell cycle arrest. 7, 8 Although these qualities appear to be universal traits of anergic T cells, several other characteristics have been used to subdivide anergic states into two broad and likely nonmutually exclusive categories that differ in several aspects, including major modes of biochemical signaling blockade, reversibility by IL-2, shutdown of nongrowthdependent effector functions and susceptibility of memory vs naïve cells to anergy induction. 7 In BALB/c mice systemically exposed to staphylococcal enterotoxin B (SEB) superantigen, clonal expansion of CD4 þ Vb8 þ T cells precedes death and anergy in sequential stages of the immune response, 5 such that, seven or more days postexposure, remaining nondeleted CD4 þ Vb8 þ T cells are anergic. Studies using this established model have shown defective TCR z-chain phosphorylation, 9 defective calcium signaling 10, 11 and intact Ras/MAP kinase signaling at very early time points, 11 characteristics consistent with an adaptive, or in vivo type of anergy. Reports of the reversibility of SEBinduced anergy by IL-2 4, 12, 13 and the degree to which nongrowth-dependent effector functions are impaired or intact in this model [14] [15] [16] are conflicting. Interestingly, SEBinduced T-cell anergy appears to target primarily cells with a memory phenotype, 17, 18 a property usually associated with clonally anergic cells. These studies suggest that the SEB model invokes selective characteristics of both clonal and adaptive anergy, presenting a unique opportunity to appreciate additional factors involved in anergy induction and maintenance.
Initiation of the anergic program requires new protein synthesis that is likely to also be necessary for maintenance of the anergic state. 19, 20 In addition, cell fusion studies have shown that the anergic phenotype is dominant. 21 Several classes of putative 'anergy' factors that may fulfill these roles have been proposed 7 and include inhibitory receptors such as CTLA-4 and PD-1; antiproliferative factors such as p27kip1; and E3 ubiquitin ligases, including GRAIL, Itch and c-Cbl. While roles for the E3 ubiquitin ligases have been supported by in vivo anergy studies, 22, 23 both p27kip1 and CTLA-4 have been shown to be nonessential for anergy induction and/or maintenance. 24, 25 Given the increasingly appreciated complexity of the anergic phenotype, the likelihood that additional unknown anergy factors exist has been recently underscored. 7, 8 Towards further defining the anergic T-cell state on a molecular basis, this study has demonstrated a number of significant gene expression differences between SEBanergized CD4 þ Vb8 þ T cells and similarly isolated nonanergic T cells taken from mice that were not exposed to SEB. This is the first report of differential gene expression in the SEB model. In addition to identifying several expression changes previously associated with Tcell anergy, these studies have revealed novel transcriptional programs that are likely to affect negatively vital aspects of TCR signal transduction. Moreover, this is the primary report showing association of the Wnt and Notch signaling pathways with T-cell anergy as suggested by differential expression of multiple members of these two fundamental pathways that govern cell fate decisions. 26, 27 Results
Generation of anergic T cells by in vivo exposure to SEB
The goal of the current study is to determine gene expression profiles of T cells made anergic by exposure to the bacterial superantigen SEB. It has previously been established that intraperitoneal immunization of BALB/c mice with a bolus of SEB rapidly activates the vast majority of T cells bearing Vb8 T-cell receptors. 5 Following the death of a subset of these cells at approximately 3-4 days postimmunization, surviving SEB-exposed CD4 þ Vb8 þ T cells are anergic as defined by a loss of proliferative capacity and ability to secrete IL-2. 5, 7 To validate this well-established model in our laboratory, splenic T cells were taken from mice 6 h after injection with either 50 mg SEB in PBS or with PBS alone and evaluated for activation marker expression by flow cytometry. At 6 h postimmunization, over 95% of CD4 þ Vb8 þ T cells expressed CD69, while more than 90% of CD4 þ Vb8 þ T cells expressed CD25 at this time point (Figure 1) . To evaluate the effectiveness of this immunization protocol for inducing T-cell anergy, splenic T cells were taken from mice euthanized 7 days after receiving similar injections of SEB or PBS alone and evaluated for in vitro responsiveness to SEB using a standard tritiated thymidine incorporation assay. Figure 2a shows that splenic T cells from SEB-immunized mice responded poorly to SEB, while T cells from mice immunized with PBS alone proliferated robustly. Flow cytometry revealed that the fraction of CD4 þ T cells expressing Vb8 in SEB-and PBS-immunized mice 7 days postinjection was 21 and 27.5%, respectively (data not shown), indicating that deletion of CD4 þ Vb8 þ T cells in SEB-injected mice was only a minor contributor to the observed abrogation of responsiveness. As expected, splenic T cells from both groups of SEB-and PBS-injected mice responded equally well to the irrelevant Vb6-binding superantigen staphylococcal enterotoxin A (SEA) (Figure 2b ). To verify that sorted, SEB-exposed T cells retained the anergic phenotype, CD4 þ Vb8 þ splenic T cells from BALB/c mice that had been injected 7 days previously with SEB or PBS were sorted, rested for 3 days in media containing IL-7, then subjected to a [ 3 H]-thymidine proliferation assay in the presence or absence of SEB or SEA (Figure 3 ). CD4 þ Vb8 þ T cells that had been exposed to SEB in vivo remained anergic, as evidenced by a lack of proliferation to SEB, while sorted cells taken from control PBS injected mice proliferated robustly. Results from restimulation with SEA reflect the absence of Vb6 þ T cells in the sorted populations.
Evaluation of gene expression profiles using microarray chips containing 5184 complementary DNAs (cDNAs) We hypothesized that sustained tolerance in SEBresponsive CD4 þ T cells correlates with a distinct genetic program that is likely to be important for maintenance of the anergic state. To test this hypothesis, gene expression profiles of resting SEB-anergized CD4 þ Vb8 þ T cells and resting nonanergic CD4 þ Vb8 þ T cells were evaluated using cDNA microarrays containing 5184 cDNAs and ESTs that were not specifically selected for immunological studies. CD4 þ Vb8 þ T cells were isolated from groups of mice injected with either SEB in PBS (anergic T cells) or PBS alone (nonanergic T cells) using high-speed cell sorting. Postsort analyses for all sorts revealed cell purities that ranged from 93 to 99%. Only RNA that was judged to be free from degradation was used for experimentation. RNA obtained from four experimentally independent anergic and three experimentally independent nonanergic samples were used for Figure 1 Activation of essentially all CD4 þ Vb8 þ T cells in mouse spleen 6 h after injection of SEB. BALB/c mice were injected with 50 mg of SEB in PBS (SEB 6 h) or with PBS alone (unstimulated), euthanized 6 h later and their splenocytes evaluated by flow cytometry. Histograms depicting relative expression levels of CD69 and CD25 are gated on CD4 þ Vb8 þ lymphocytes. Greater than 95% of CD4 þ Vb8 þ T cells were activated.
hybridization and statistical analysis. Each independent sample originated from pooled splenocytes of SEB-or mock-immunized mice as described in Materials and methods and was sorted in independent experiments on different days. All samples gave high-quality hybridization signals (not shown).
When the Associative t-test was applied to dramatically reduce false-positive determinations, a total of 352 genes and ESTs with expression signals above background, as determined by the normalization procedure, were found to be differentially expressed between PBSand SEB-treated mice at a level of Po0.0005. This analysis and the normalization procedure described in Materials and methods allow reliable measurement of expression level and fold-expression differences of lowly expressed genes. Of these, 96 genes or ESTs were either detected only in anergic samples or were differentially overexpressed in anergic samples, and 256 genes or ESTs were either detected only in nonanergic samples or were differentially overexpressed in nonanergic samples. Table 1 shows the total number of differentially regulated genes and ESTs categorized by established or proposed function or by cell surface localization as determined using a combination of NCBI databases including Unigene, Locuslink, OMIM and PubMed. Of these differentially expressed genes, approximately 40% are ESTs with no currently assigned function. Owing to space limitations, the accession numbers for these As seen in Table 2 , 11 genes participating in signal transduction processes are either overexpressed or expressed only in anergic T cells, while 16 genes are either downregulated or turned off in the anergic cells. Although the significance of some of these expressions for T-cell function can only be speculated, many of the expression changes are likely to critically impact TCR signaling. Of particular interest among these are observations of reduced or undetected levels of mRNA for the src tyrosine kinase SLP-76 and the Ras pathway transducer B-Raf. In contrast, enhanced levels of mRNA for the Src-like adapter protein (Slap) and the Ptpn3 (also known as PTPH1) phosphatase were found in the SEBanergized T cells. Of further potential interest is overexpression of message for the phosphatidyl inositol-3 kinase regulator Inpp5d, or SHIP-1, in the anergic cells. Message for two gene products involved in cytoskeletal reorganization downstream of integrin signaling, protein phosphatase 1 regulatory subunit 12A (Ppp1r12a; also known as Mypt1) and myosin light-chain kinase (Mylk), are downregulated in anergic T cells. A relatively highlevel expression of the gene encoding a novel guanine nucleotide exchange factor (GEF) with controversial specificity, geft, which has been studied primarily in neuronal cells, was detected only in nonanergic T cells. Two different mRNAs that encode products known to downregulate the Notch signaling pathway were either turned off (notchless; nle) or downregulated (lunatic fringe; lfng) in anergic cells. Although none of the four known Notch receptors were among the 5184 genes assessed in this study, detection of mRNA for the Notch-specific transcription factor Hes-5 ( Table 3 , below) in anergic but not nonanergic T cells suggests active Notch signaling in SEB-anergized T cells, as does overexpression of jagged-1 ( Table 5 ; see Discussion). Other interesting mRNAs that were overexpressed or detected only in anergic T cells are those encoding the microtubule-destabilizing protein Stathmin-like 3 (Stmn3) and the canonical Wnt signaling pathway modulator naked 2 (Nkd2). Stathmins are rapidly phosphorylated in T cells downstream of both TCR and CD2, 28 and enforced cellular expression of stathmin can cause cellular proliferation defects and cell cycle arrest. 29 Differentially expressed genes encoding transcription factors The largest functional group of genes modulated between anergic and non-anergic CD4 þ T cells are Gene expression of SEB-anergized T cells S Kurella et al those that are known or strongly suspected to regulate gene transcription (Table 3 ). In addition to hes-5, mentioned above, foxd1 is among transcription factor genes that are overexpressed or detected only in the anergic cells. This transcription factor is known to be a transcriptional activator of the RI alpha subunit of the Gene expression of SEB-anergized T cells S Kurella et al cAMP-dependent protein kinase A (PKA), 30 an essential molecule for the induction of cAMP-induced anergy in HIV-1 gp120-exposed CD4 þ T cells. 31 Potentially important genes that are turned off or downregulated in the anergic cells include enhancer of zeste 2 (ezh2), retinoblastoma-binding protein 4 (rbbp4) and the canonical Wnt pathway transcription factor gene lef-1 (see Discussion). Message for Smad4, a transcription factor that mediates TGF-b receptor signal transduction, was detected only in nonanergic cells. This, along with the observation that strap, a gene encoding a negative regulator of TGF-b signal transduction is overexpressed in the anergic cells (Table 2) , is consistent with observations indicating that the anergic state in SEB-anergized CD4 þ T cells is cell autonomous, 32 and thus not subject to the actions of regulatory cytokines. Message for special AT-rich-binding protein 1 (Satb1), a matrix attachment region-binding global transcriptional regulator that is known to be important for thymocyte development, 33 is detected only in nonanergic T cells, similar to observations made in a non-superantigenbased in vivo model of T-cell anergy. 34 Differentially expressed genes encoding regulators of the cell cycle, proliferation and death In addition to modulated stmn3 and the proproliferative transcription factor genes noted above, several additional genes known to impact cell cycle, proliferation and death are differentially expressed between anergic and nonanergic T cells (Table 4) . Message for two molecules important for cell cycle progression, Emerin (Emd) and kinesin factor 23 (Kif23, also known as mitotic kinesinlike protein 1 (MKLP1)), were downregulated in the anergic cells. Other downregulated mRNAs, as evidenced by detection only in non-anergic populations, included that of two death-promoting genes, programmed cell death 8 (pcd8) and leucine rich and death domain containing (lrdd). Two genes that were either overexpressed or detected only in the anergic cells that may contribute to the viability of SEB-anergized T cells are baculoviral IAP repeat containing (birc1f, the product of which is also known as neuronal apoptosis inhibitory protein (NAIP)) and fau. The latter sequence was originally identified in a screen for suppressors of apoptosis in T cells.
35 Surprisingly, moderate expression of the genes for Cyclin D1 (Ccnd1) and the proliferation marker Mki67 were detected in the anergic population. This might be explained by a compensatory upregulation of Ccnd1 in response to cell cycle arrest or reductions in the expression of other cyclins that were not measured in this study. This phenomenon has precedence in Cyclin D2 knockout mice, where there was a compensatory upregulation of Cyclin D3, and in anergic B cells. 36 The detection of mRNA for Mki67 is more puzzling but might reflect the relatively recent cycling history of the SEB-anergized cells. 5 Differentially expressed genes encoding cell surface molecules Identification of novel cell surface markers of anergic T cells would represent a significant advance, opening the door to strategies for monitoring the contribution of CD4 þ T-cell anergy to tolerance in multiple settings. Table 5 lists several novel candidates in this category. Of particular functional interest is the upregulation in anergic cells of mRNA for two cell surface markers impacting b-catenin signaling. One of these, Cadherin 1 (Cdh1, also referred to as E-cadherin) is an adhesion molecule of the Ig superfamily, the C-terminal domain of which interacts with several catenins including bcatenin. Overexpression of E-cadherin in epithelial and fibroblastoid cells resulted in G1 phase cell growth arrest and was strictly associated with downregulated bcatenin/LEF activity, 37 presumably as a result of sequestration of cellular b-catenin. Transcripts for one of the ten known but poorly functionally characterized canonical Wnt receptors, Frizzled-8 (Fzd8), are both highly expressed and overexpressed in the SEB-anergized cells. Detected overexpression of mRNA of a third cell surface molecule, the adenosine A2a receptor (Adora2a), in the anergic populations is of additional potential functional significance in light of the ability of A2a signaling to Gene expression of SEB-anergized T cells S Kurella et al stimulate production of cAMP, an intermediate that has been shown to induce T-cell anergy in multiple settings by multiple pathways (see Discussion). Interestingly, genes for three other G-protein-coupled receptors, gpr83, gpr114 and gpr68, are either overexpressed or detected only in the anergic cells. The product of one of these, Gpr68, has been found to activate p42/p44 MAPKs and inhibit cell proliferation in the Gpr68-transfected human tumor cell line HEK 293. 38 Finally, transcripts for Itb2 (CD18) are over-represented in the SEB-anergized T cells. This was also found by others in a non-superantigenbased in vivo anergy model, 34 suggesting that upregulation of CD18 could be a universal feature of in vivo T-cell anergy.
Differentially expressed genes involved in cell structure, metabolism or unknown functions Numerous genes encoding proteins participating in translation, metabolism, maintenance of potassium ion concentration and cell structure were reproducibly differentially expressed between the anergic and nonanergic populations. Owing to space limitations these are not listed here but may be found in Supplemental Table 2 at the following web site: http://microarray.omrf.org/ publications/2005/kurella/supplementary_table_2.xls.
Confirmation of differential expression using real-time quantitative RT-PCR Eight of the differentially expressed genes identified by gene microarray analysis were selected for confirmation by real-time quantitative PCR without regard to expression level or fold-expression differences between the two groups. In addition, this technique was used to determine the relative expression level of the grail gene (not present on the microarrays tested) in anergic and nonanergic samples in order to further validate the data presented herein since GRAIL has been shown to participate in T-cell anergy in the SEB model. 39 The results of two different sets of experiments evaluating fold-expression levels of mRNA in sorted CD4 þ Vb8 þ anergic and nonanergic T cells, as normalized on b-actin mRNA expression, are depicted in Figure 4 . Significantly, six of the eight microarray-identified expressions were confirmed in both experiments, further establishing the validity of differential expressions described above. Of the two expressions that were not confirmed, mylk was one of the lowest expressed genes (0.3 s.d. above background) passing the Associative t-test criteria. The validity of the microarray observations that mylk and slp-76 are overexpressed in anergic T cells is not conclusively ruled out by these data since the microarray analysis involved more replicates and may thus be more reliable from a statistical standpoint. jagged-1, which was detected only in anergic T cells at a level of 0.6 s.d. above background was confirmed by quantitative PCR in two experiments conducted (values 41). Importantly, grail mRNA was found to be 8 Â more abundant in anergic T cells compared to non-anergic T cells. Thus, the confirmation of six of eight microarray-identified expressions tested in two separate real-time quantitative PCR experiments conducted and the finding of overexpression of grail mRNA in the SEB-anergized T cells provide a robust validation of the system, techniques and array results described herein.
Enhanced cell surface expression of CD18 on resting anergic T cells To determine whether CD18 protein is overexpressed on the surface of anergic T cells in the SEB model, its expression was evaluated by flow cytometry. Figure 5 shows the results of a representative experiment establishing that CD18 is indeed overexpressed on the surface of resting anergic T cells. The mean fluorescence intensity (MFI) in anergic CD4 þ Vb8 þ T cells was 196.64, while the MFI of CD18 expression in nonanergic CD4 þ Vb8 þ T cells was 165.68. The geometric mean of CD18 expression in anergic T cells was almost twice (113.39) that of nonanergic T cells (60.10). These data confirm that Table 6 . Fold changes in expression levels were obtained after normalizing each sample to a housekeeping gene (b-actin). Positive values indicate that the transcript is more abundant in anergic cells, and negative values indicate that the transcript is more abundant in nonanergic cells. Colored bars depict the results of two independent experiments. See the legend to Table 6 for a description of Myl6. grail expression was confirmed in a single separate experiment. 
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both resting anergic and nonanergic T cells express CD18 and that CD18 is overexpressed on the SEB-anergized cells.
Discussion
This is the first description of the global gene expression profile of T cells anergized by a bacterial superantigen. In the BALB/c SEB anergy system, clonal expansion, death and anergy occur as sequential stages of CD4 þ T-cell response, 5 such that CD4 þ Vb8 þ T cells isolated 7 or more days post-injection are anergic. This model was validated in our laboratory in three ways. First, we observed the initial activation of nearly all CD4 þ Vb8 þ T cells, as evidenced by the expression of the very early activation marker CD69 on over 95% of cells within this population 6 h postinjection. At 7 days post-injection, the proliferative response of CD4 þ T cells isolated from SEB-injected mice to SEB in vitro was greatly reduced both in unsorted and sorted populations compared to cells from mock-injected mice. In contrast, the proliferative responses of the two populations of splenic T cells to the unrelated SEA superantigen were indistinguishable. The detection of only an approximately 6-7% difference in the fraction of CD4 þ Vb8 þ present in the cultures containing splenic T cells from either SEB-or mockinjected mice compared to a 300-800% difference (depending upon the concentration of SEB present in the cultures) in proliferative capacity between the two populations strongly suggests that clonal deletion was only a minor contributor to the tolerance observed. Residual proliferation of splenic T cells taken from SEBexposed mice was likely contributed by the presence of CD8 þ Vb8 þ T cells in the cultures, which have been observed to retain their ability to proliferate to SEB following in vivo SEB exposure. 40 Second, the anergic nature of the SEB-responsive CD4 þ T cells in this model was further validated by measuring an eight-fold overexpression of grail mRNA in sorted CD4 þ Vb8 þ T cells taken from SEB-injected mice compared to that sorted from mock-injected mice. GRAIL has been shown to be essential for anergy induction in the SEB model. 22 Third, the utility of the experimental approach used herein for successfully identifying anergy-associated gene expression is further supported by the detection of differential expression of at least three mRNAs, including satb1, cd18 and slap, that have been shown by others to be similarly modulated in another, non-superantigen-based model of in vivo T-cell anergy. 34 Thus, underexpressed satb1 and overexpressed cd18 and slap mRNA may be universal features of the CD4 þ T-cell anergic program.
The expression of Slap in Jurkat T cells at physiologic levels was shown to impair TCR signaling, including Ca 2 þ flux, Ras activation and IL-2 secretion, 41 and thus may have a similar impact in SEB-anergized cells. Reproducibly detected expression of the gene for Ptpn3/PTPH1 in the anergic but not nonanergic cells is of particular interest in light of recent work showing that this phosphatase is the predominant cellular protein tyrosine phosphatase capable of specifically and directly dephosphorylating TCR z-chains. 42 Although the biological role of basal expression of the gene for inositol-5 0 -phosphatase Inpp5d/SHIP-1 in T cells is still unknown, overexpression of SHIP-1 in anergic T cells could interfere with multiple signaling pathways through its ability to oppose the activity of phosphatidylinositiol-3-kinase. Signaling cascades that might be influenced by upregulation of SHIP-1 include TCR signaling and LFA-1-dependent adhesion. 43 The expression of the MAP kinase kinase kinase B-Raf mRNA was detected only in nonanergic T cells but not in anergic T cells. Interestingly, enforced expression of B-Raf in CD4 þ T cells of transgenic mice prevented in vitro induction of anergy in these cells by B7-deficient APC by ensuring ERK activation. 44 Although these authors did not find appreciable expression of B-Raf in unmanipulated primary T cells compared to that of the CD4 promoter-driven B-Raf transgene, Tsukamoto and colleagues demonstrated the presence of B-Raf in both human and mouse primary T cells by immunoblotting and intracellular flow cytometry. 45 In that study, TCR crosslinking of Jurkat T cells resulted in transient stimulation of Raf-1 activity and sustained stimulation of B-Raf activity. Moreover, expression of dominantnegative B-Raf abrogated sustained ERK activation and resulted in reduced NFAT activity and reduced IL-2 production. Thus, downmodulation of B-Raf in SEBanergized T cells may compromise sustained ERK phosphorylation and, hence, contribute to impaired IL-2 production upon TCR stimulation. Although ERK phosphorylation in SEB-anergized T cells was reported to be normal at very early time points, 11 abrogation of extended ERK signaling, which could be mediated by downregulated B-Raf, has not been investigated in this model. Moreover, that study used SEB-immunized D011.10 TCR transgenic mice as a model system, an approach that has not been reproducible in our laboratory (Yaciuk and Farris, unpublished data). In summary, enhanced expression of the genes for Slap, Ptpn3/PTPH1 and possibly SHIP-1, along with reduced expression of the gene for B-Raf in SEB-anergized T cells, are likely to contribute to the inability of the anergic cells to proliferate and secrete IL-2 upon TCR stimulation.
Cyclic AMP has been shown to induce T-cell anergy in Th1 clones 46 and mediate CD4 þ T-cell anergy induced by HIV-1 envelope glycoprotein gp120. 31 Therefore, the observed overexpression of the gene for the seventransmembrane domain (7TM) G-protein-coupled receptor adenosine receptor A2a, which upregulates intracellular cAMP upon signaling, in anergic T cells may initiate or reinforce T-cell anergy. There is likely to be a surge in extracellular adenosine levels in secondary lymphoid organs during the death phase of the SEB response, thus triggering intracellular cAMP production. Enhanced cell surface expression of the receptor, which responds in the 100-1000 nM range of adenosine, could not only increase this response but might also permit signaling in response to basal adenosine levels, which are estimated to be in the 30-300 nM range. 47 Several mechanisms whereby cAMP can induce anergy are known and may be categorized based upon their dependency on PKA. In a PKA-independent pathway, cAMP can directly activate a Rap1 GEF known as Epac (exchange protein activated by cAMP), 48 which in turn is able to inhibit IL-2 production by inhibiting cRaf-1 in the Ras signaling cascade. 49 As Rap1 activates B-Raf, however, suppression of the Ras pathway only occurs in cells that do not express B-Raf. Thus, downregulation of B-Raf as observed in the present system might be required to prevent activation of IL-2 expression in the presence of active cAMP signaling. In a PKA-dependent pathway, it has been proposed that the inducible cAMP early repressor (ICER) may be synthesized in response to stimulation of unidentified 7TM G-protein-coupled receptors leading to the induction and/or maintenance of T-cell anergy by inhibition of IL-2 gene transcription. 50 ICER is produced as an alternative transcript from the CREM gene, but lacks the upstream transactivation domain of CREM and thus acts as a dominant-negative inhibitor of CREB-or jun-mediated IL-2 transcription. A second PKA-dependent pathway of cAMP-mediated inhibition of T-cell function involves PKA-dependent activation of the COOH-terminal Src kinase (Csk), which then inhibits Lck-mediated TCR z-chain phosphorylation and thus hampers proximal TCR signaling. 51 Enhanced expression of the PKA transcription factor gene foxd1 in the anergic T cells (Table 3 ) may cooperate with overexpression of the A2a receptor to amplify these latter two pathways.
Overexpression of CD18, the b-chain of LFA-1, in anergic cells was confirmed by quantitative RT-PCR and by protein expression at the cell surface. Also observed in the present study was downregulation of mRNA for at least one molecule that plays an important role in cytoskeletal reorganization that takes place downstream of integrin signaling. Ppp1r12a/Mypt1 is the major regulatory subunit of myosin phosphatase. Downstream of integrin signaling, Mypt1 is phosphorylated by RhoAactivated kinases resulting in inhibition of myosin phosphatase activity that allows cytoskeletal reorganization to take place. Downregulation of Mypt1 expression in anergic cells might thus lead to constitutive activation of the catalytic subunit of myosin phosphatase. In support of this, siRNA knockdown of Mypt1 in HeLa cells was recently shown to inhibit cell migration and adhesion. 52 In addition, reduced expression of mylk was observed in anergic T cells by array but not by real-time quantitative PCR. Any reduction in this enzymatic activity would be predicted to contribute to defective cytoskeletal reorganization downstream of LFA-1 signaling. Not only would impaired LFA-1 signaling lead to defects in T-cell migration, but such defects might also lead to impairment of signaling molecule reorganization at the T-cell/APC synapse during T-cell activation. Indeed, disorganized synapse formation was observed in T cells made anergic with ionomycin. 23 A final expression difference between anergic and nonanergic T cells that falls into the signaling category and could act downstream of multiple signaling pathways including the integrin pathway is the gene for a novel GEF termed Geft. geft was detected only in nonanergic cells in the present study and was highly expressed in these cells at greater than 15 s.d. above background. Overexpression of geft, which was shown to have in vitro specificity for Rac and Cdc42 in NIH 3T3 cells, led to actin cytoskeletal reorganization, cell proliferation and migration. 53 Thus, downregulated geft expression in anergic T cells could also conceivably contribute to defective cytoskeletal reorganization and cell migration.
Although coordinately regulated transcriptional pathways influencing the cell cycle, proliferation and death were not readily apparent from this screen, which examined only a fraction of the mouse genome, expression patterns of potential functional significance were noted. Firstly, differential mRNA expression of at least three genes encoding molecules that influence microtubule dynamics and cell cycle progression was observed and included emd, kif23/mklp1 and stmn3. 29, 54, 55 The first two of these were at least 4 Â downregulated in anergic T cells, and stmn3 was detected only in anergic T cells at over 2 s.d. above background. These expression changes are consistent with inhibition of cell cycle progression at different stages. Secondly, the lack of detection of mRNA for the transcriptional repressor Ezh2 in the anergic cells is of potential functional significance since Ezh2 is essential for cellular proliferation 56 and since its expression was downregulated in replicatively senescent human fibroblasts. 56 Ezh2 by itself does not possess histone methyltransferase activity that might be involved in its repressive activities, but Ezh2 is required for such activity by a multiprotein complex that includes both Ezh2 and Rbbp4 (RbAp46/48). 57 Interestingly, rbbp4 was also found reduced over 4 Â in the anergic cells. Thirdly, several expressions that would be expected to favor survival of the anergic cells were noted and included detection or enhanced expression of the genes for Birc1f/ NAIP and ethanolamine kinase, along with failure to detect expression of two genes encoding the deathpromoting factors pcd8 and lrdd. Overexpression of ethanolamine kinase in NIH 3T3 cells promoted cell survival. 58 Finally, these studies have revealed transcriptional modulation of genes encoding multiple members of the Notch and Wnt signaling pathways in CD4 þ anergic T cells. Both of these pathways are of considerable importance in hematopoietic cell development, 26, 27 but their roles in mature lymphocyte function are only beginning to be explored. In the present study, messages for two regulators of Notch signaling, Nle and Lfng, were downregulated in the anergic cells (Table 3) , while transcripts for the Notch ligand Jagged-1 (Table 5 ) and the Notch-specific transcription factor Hes-5 (Table 3) were over-represented in the anergic cells. Taken together, these expression patterns suggest active Notch signaling in the anergic CD4 þ T cells. Indeed, active Notch signaling was recently shown to induce increased levels of the Jagged-1 ligand in NIH 3T3 cells. 59 The results described herein constitute the first report associating Notch signaling with T-cell anergy. Although the gene chips used in this study did not permit identification of expressed Notch receptors, Benson and colleagues recently observed that expression of constitutively active Notch-1 in primary human CD4 þ T cells prevented cellular proliferation but failed to impair cytokine secretion. 60 The expression patterns of several genes encoding important players in a second developmentally important pathway-the Wnt pathwaysuggest a global decrease in b-catenin signaling in SEB-anergized T cells. These include upregulation of expression of nkd2 ( Table 2 ) and downregulation of lef-1 ( Table 3 ). The former gene encodes an important negative regulator of this pathway, while the latter is one of the major canonical transcription factors of this pathway. In light of recent data demonstrating that mouse Fzd1 acts as an antagonist of the canonical Wnt/ b-catenin pathway, 61 it will be of interest to determine if Fzd8, the gene of which was overexpressed in anergic cells (Table 5) , acts in a similar manner. Upregulation of E-cadherin (Cdh1; Table 5 ) mRNA in anergic cells predicts further inhibition of this pathway as reported for epithelial and fibroblastoid cells. 37 Ephrin B3, a receptor tyrosine kinase, whose message was detected only in anergic cells (Table 5 ) might also be linked to the Wnt signaling pathway via its described ability to bind and phosphorylate a small receptor tyrosine kinase known as Ryk. 62 Ryk has been shown to act as a Wnt receptor and to bind specifically the mouse Fzd8 cysteine-rich domain. 63 How Ephrins might regulate the Wnt pathway is currently unknown.
In conclusion, analysis of differential gene expression patterns in anergic T cells has proved to be a powerful tool for uncovering the molecular mechanisms of T-cell anergy. Although additional studies will be required to establish the functional significance of the gene expression changes identified in this study, multiple novel candidates and pathways that may play central roles in the induction or maintenance of the anergic state have been elucidated. Eventual annotation of the differentially expressed ESTs identified in this study will provide further insight into T-cell anergy in the future and may be expected to bring to light the involvement of biologic pathways that remain as yet undiscovered. As additional 'anergy factors' emerge, it may become apparent that T-cell anergy is not controlled by a single gene or its product, but by a balance of signaling events through numerous intermediates in multiple signaling pathways.
Materials and methods
Immunization model for inducing T-cell anergy BALB/c female mice (6-8 weeks old) (Taconic Farms, Germantown, NY, USA) were immunized intraperitoneally either with 50 mg SEB (Sigma, St Louis, MO, USA) in 0.2 ml PBS for inducing anergy 5 or 0.2 ml PBS alone for obtaining non-anergic T cells. Mice were euthanized 7 days following immunization, and pooled single-cell suspensions were prepared from spleens. The splenocytes were treated with a hypotonic tris-ammonium chloride solution to remove RBCs, and T cells were enriched using nylon wool chromatography. 64 T-cell anergy was verified by standard tritiated thymidine incorporation of cultures containing enriched T cells, gamma irradiated (2600 rad) whole splenocytes from unimmunized mice and either SEB or SEA (Toxin Technology Inc., Sarasota, FL, USA) antigens essentially as described. 5 All animal protocols were approved by the IACUC committee of the Oklahoma Medical Research Foundation. All personnel performing studies involving the use of SEB and SEA were approved under the CDC Select Agent Program.
Isolation of CD4 þ Vb8 þ anergic T cells and flow cytometry CD4 þ Vb8 þ T cells were isolated from the splenocytes of mice 7 days following immunization with SEB (anergic) or PBS alone (non-anergic). Nylon wool nonadherent cells were labeled with anti-CD4-PE (GK1.5) and anti-Vb8-biotin (F23.1), followed by streptavidin-APC. In some analytical experiments, unseparated splenocytes were also labeled with anti-CD18-FITC (C71/16), anti-CD69-FITC (H1.2F3) or anti-CD25-FITC (7D4). All mAbs were purchased from BD BiosciencesPharmingen (San Diego, CA, USA) and were titrated to optimal concentrations before use. Cell suspensions were incubated in the dark on ice for 30 min during primary antibody staining and 15 min during staining with the secondary reagent. They were washed thrice after each staining with PBS supplemented with 0.09% NaN 3 and 2% FCS. Highly purified populations of CD4 þ Vb8 þ were isolated by high-speed cell sorting (MoFlo, Dakocytomation, Glostrup, Denmark). Sorting purity was always 493%. Sorted cells were collected into DMEM containing 10% FCS on ice, and sorted cell pellets were used for the isolation of RNA. Analytical data were collected with a FACSCalibur instrument (BD Biosciences) and analyzed using CellQuest software.
Isolation of RNA RNA was isolated from cells using TRIzol (Invitrogen Life Technologies, City, ST, USA) according to the manufacturer's protocol with minor modifications. Briefly, the cells were homogenized at 1 Â 10 6 cells/ml of TRIzol reagent, and then chloroform extraction was performed. After an isopropanol precipitation, the RNA was washed with 70% ethanol and further enriched using the Qiagen RNA Isolation Kit (Valencia, CA, USA). RNA obtained from both anergic and nonanergic samples was analyzed for quantity and quality by spectrophotometry (A 260/280 ratio), agarose gel electrophoresis and capillary gel electrophoresis (Agilent Technologies 2100 Bioanalyzer using RNA nano-chips). RNA samples exhibiting high purity with no detected degradation of 18S or 28S rRNAs were used for gene chip hybridization and preparation of cDNA for real-time PCR.
Preparation of cDNA and gene chip hybridization Synthesis and labeling of cDNA was carried out using the MICROMAXt TSAt Labeling and Detection Kit (Perkin-Elmer Life Sciences) according to the manufacturer's instructions. The samples were hybridized using MICROMAX protocols to microarray chips containing 5184 mouse cDNAs that were purchased from the microarray core facility at Columbia University (New York; supplied by Dr Anthony Ferrante) using MICRO-MAX protocols. The arrays were scanned on an Affymetrix model 428 scanner. Background fluorescence (background FL ) was empirically determined from signals generated on a set of randomized negative controls. These probes consist of sequences that are not present in the mouse genome. Only signals that were at least 3 s.d.'s above the thus established background were considered for analysis.
Background determination and normalization procedure Normalization for differences among experiments was conducted using a procedure described in detail elsewhere. 65, 66 The initial step assumes that signals corresponding to mRNAs that are not expressed in the sample (background defined by analysis; background AN ) will be normally distributed. Under this assumption, the mean and s.d. for nonexpressed genes were calculated using an iterative nonlinear curve fitting procedure and defined as 'background AN '. 'Expressed' genes were then defined as having levels outside of the normally distributed homogenous family of background values for that microarray. Data obtained after normalization of each expression profile to its own background AN were subsequently log-transformed, and any negative values were substituted with minimally positive logarithmic numbers.
Normalized expression profiles of genes above background AN were adjusted to each other using a robust regression analysis that has been described previously. 65 This analysis is based on the assumption that the majority of genes are equally expressed in compared samples, and that values of each gene are normally distributed around a regression line with a small proportion of differentially expressed 'outliers'. The contributions of outliers to the regression analysis were downweighted in an iterative manner until the residuals were normally distributed as measured by deviations from the regression line calculated against the averaged profile.
The reference group was composed of genes expressed above background AN with normal low variability of expression in control samples as determined by the F-test, and whose residuals approximated a normal distribution based on the Kolmogorov-Smirnov criterion.
Identification of differentially expressed genes
These analyses were performed as described previously, 65, 66 and included the assignment of statistically different levels of expression using the Student's t-test with the commonly accepted significance threshold of Po0.05. However, a significant proportion of genes identified as differentially expressed in this manner are expected to be false-positive determinations at this threshold level due to the large number of genes present on microarrays. To address this issue, an Associative t-test was applied, in which the replicated residuals for each gene in the experimental group were compared with the entire set of residuals from the reference group (defined above). The hypothesis that gene expression in the experimental group, presented as replicated residuals (deviations from the averaged control group profile), is distributed similarly to the several thousand members of the normally distributed set of residuals for gene expressions in the reference group is tested in this analysis. The significance threshold was corrected to 1/(number of genes) to make the detection of false-positives improbable. Only genes with P-values below the threshold of both the Student t-test and the Associative t-test were defined as differentially expressed. Expression values were then adjusted relative to the normally distributed background (having a mean equal to 0 and an s.d. equal to 1). Genes expressed distinctively above background in one group and not in another were defined as uniquely expressed genes. A gene was considered to be differentially expressed between groups if there was at least a 1.2-fold difference in the means between the groups and a statistically significant difference with Po0.05 from the normally distributed background AN .
Relative quantitation of gene expression by real-time PCR cDNA was synthesized from 2 mg total RNA purified as described above using Taqman reverse transcription reagents (Applied Biosystems, Foster City, CA, USA). SYBR Green real-time PCR was performed using an ABI Prism 7700 sequence detection system according to the manufacturer's instructions (Applied Biosystems) with the aid of SYBR Green PCR Master Mix (Applied Biosystems) containing 10 Â SYBR Green PCR buffer, 3 mM MgCl 2 , 100 mM each dATP, dCTP, dGTP, dUTP, 0.025 U/ml Amplitaq Gold DNA Polymerase and 0.01 U/ml Amp ERAse UNG. Gene-specific forward and reverse primers were designed with one primer spanning an exon-exon junction (to avoid amplification of any contaminating genomic DNA) using Primer Express software (Applied Biosystems) and were synthesized and purified by the Molecular Biology facility, at University of Oklahoma Health Sciences Center. Primers were used at 2 mM in reactions with 1 or 5 ng of cDNA, and b-actin was used as a normalization control. All primer sequences are presented in Table 6 . The cycling conditions were: 2 min at 501C followed by 10 min at 951C followed by 55 cycles of 15 s at 951C and 1 min at 601C. All data points were run in triplicate. Quantitation was carried out using the comparative C T method as described by Applied Biosystems. All primers were validated for equivalent efficiency to the b-actin primers by using Universal mouse cDNA as template prior to calculating fold differences in expression between anergic and nonanergic cDNA's. Dissociation curves of the same were also studied during primer validation and revealed single amplification products with the predicted T m values for each primer set. Table 2 ). All other designations are referred to in the text.
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